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Abstract Multilayer In0.4Ga0.6As/GaAs quantum dot
(QD) chain samples are investigated by means of cw and
time-resolved photoluminescence (PL) spectroscopy in
order to study the peculiarities of interdot coupling in such
nanostructures. The temperature dependence of the PL has
revealed details of the conﬁnement. Non-thermal carrier
distribution through in-chain, interdot wave function cou-
pling is found. The peculiar dependences of the PL decay
time on the excitation and detection energies are ascribed
to the electronic interdot coupling and the long-range
coupling through the radiation ﬁeld. It is shown that the
dependence of the PL decay time on the excitation wave-
length is a result of the superradiance effect.
Keywords Time-resolved photoluminescence  
Quantum dot chain   Interdot coupling
Introduction
Self-assembled (In,Ga)As/GaAs quantum dots (QDs)
demonstrate many favorable physical properties that makes
them suitable for numerous device applications [1–4]. They
possess high radiative efﬁciency and easily controllable
areal densities; allow engineering of the energy levels
permitting efﬁcient carrier injection from a semiconductor
matrix. Typically, (In,Ga)As/GaAs QDs have *2–5 nm
height and *20–50 nm base width. Due to small QD sizes
and high conﬁnement potential, the electron and hole states
are fully quantized and their wavefunctions are strictly
localized within the QD area with a d-like density of states.
Therefore, the self-assembled QDs can be treated to some
extent as nearly ideal zero-dimensional (0D) systems
behaving themselves like a ‘‘frozen ideal gas’’.
Each individual QD offers several advantages as a
source for single photons. It has high oscillator strength and
narrow spectral linewidth (*0.01 meV) and does not
suffer from photobleaching or shelving. However, these
idealizations have to be substantially modiﬁed in case of
QD densities lying in the range of *10
10–10
11 cm
-2.
These densities result in mean dot separation of the order of
tens to hundreds of nanometers which is comparable with
the sizes of the individual QDs. Unavoidable size ﬂuctua-
tions within the QD ensemble lead to an additional inho-
mogeneous broadening of the optical spectra, frequently
making the observation of the intrinsic 0D behavior difﬁ-
cult. Another characteristic of QD ensemble the interdot
coupling is usually grouped into two categories with regard
to whether it occurs via overlapping wave functions
(electronic coupling) of the spatially separated QDs or via
long-range electromagnetic interactions.
Depending on the strength of electronic coupling
between neighboring QDs, their individual electronic states
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those states can be signiﬁcantly altered. In the case of strong
coupling, they can form QD molecules [5], resulting in new
physics and a number of applications such as an excitonic
qubit system with potential scalability [6]. In the case of
intermediate or weak coupling, the energy and carrier
transfer between QDs occurs through quantum–mechanical
tunneling that substantially affects recombination, carrier
injection, and lasing in the QD system [7–11].
The long-range radiative coupling between QDs in an
ensemble can be interpreted in terms of successive emis-
sion and reabsorption of photons resulting in collective
modes of several QDs. In this case, the exciton state of a
single QD cannot be treated as a stationary state since its
excitation in an individual QD will be transferred to other
QDs [12]. In addition, energy transfer between dots can be
in the form of an electrostatic dipole–dipole interaction,
frequently cited as Fo ¨rster energy transfer [13]. In the case
of InP QDs with interdot distance of 7 nm, the Fo ¨rster time
for the excitation transfer between two QDs has been
estimated [14] to be in the range of 10
2–10
3 ps. This
Fo ¨rster transfer rate is proportional to the fourth power of
the dipole moment matrix element and decays as the sixth
power of the interdot distance [14]. Complementary to the
Fo ¨rster energy transfer, the polariton coupling is also
expected to have a long spatial range, of the order of a few
photon wavelengths. This mechanism results in the transfer
of electron–hole excitation between distant QDs mediated
by the emission and reabsorption of the transverse elec-
tromagnetic ﬁeld [12]. Typical transfer rates attributed to
polariton coupling are in the range of 10
-3–10
-4 ps
-1.I ti s
proportional to the square of the dipole moment matrix
element and decays as the inverse of the interdot distance,
if the transfer is mediated by a propagating ﬁeld in two
dimensions. Thus, in presence of radiative interaction, in
fact, even very remote QDs cannot be considered as iso-
lated systems, and the QD ensemble is expected to develop
signatures of cooperative radiation or superradiation [15].
In order to strengthen the QD coupling through their
radiation ﬁeld, the use of semiconductor microcavities has
been proposed and strong interaction between single QDs
and the cavity mode has been already demonstrated [16].
In the case of QD ensembles with well-separated QDs,
the ﬁngerprint of cooperative effects in radiation is the
change of the photoluminescence (PL) decay time with a
change in the number of interacting QDs and their
respective separation [12, 17]. The number and interdot
separation of the dots can be varied using postprocessing of
as-grown samples. For example, the dots could be covered
by a mask containing small apertures through which the
optical excitation as well as the collection of the signal is
done. A lateral patterning of the sample surface offers
another possibility. In this case, small mesa structures are
fabricated which contain only a single QD or a few QDs. In
case of CdSe/ZnSe QDs studied in Ref. [17], mesas of the
same size were arranged in a grid-like pattern over an area
larger than the size of the laser spot on the sample. Mesas
of sizes down to a few tens of nanometers were etched into
the QD sample removing the QDs from between the mesas.
It has been shown [17] that the radiative interaction
between QDs disappears with decreasing mesa size.
Recently, the new laterally ordered self-assembled
(In,Ga)As/GaAs QD stack has been grown by molecular-
beam epitaxy (MBE) [18]. QDs align in long rows forming
QD chains. It has been found that the dot chains can be
substantially increased in length by the introduction of
growth interruptions during the initial stages of growth of
the GaAs spacer layer. The growth procedure has been also
used to create a template to arrange InAs dots into chains
with a predictable dot density. The resulting dot chains
offer the possibility to engineer interdot coupling for novel
physical phenomena and potential devices. Here, the dis-
tance between neighboring QD chains can be made sufﬁ-
ciently large as to prevent the immediate electron–hole
wavefunction tunneling as well as the Fo ¨rster energy
transfer between QDs belonging to different chains. This
looks like as a natural mesa between chains. The objective
of our research is the study of the peculiarities of interdot
coupling in these new laterally ordered self-assembled
(In,Ga)As/GaAs QD structures. In this case, we can expect
the superradiance effect from the dot-chain ensemble. It is
important that in-chain interdot coupling is easily
changeable also thus permitting to study the cooperative
effects caused by immediate interdot carrier tunneling.
We use the multilayer (In,Ga)As/GaAs dot-chain
structure to reveal various cooperative effects arising both
through overlapping wave functions of the spatially sepa-
rated QDs and through long-range radiative interactions
between QDs. ‘‘Experiment’’ includes the details of sample
growth together with results of AFM analysis of the grown
structure. The details of the PL are given. ‘‘Temperature cw
PL measurements’’ includes the results of the temperature
investigation of the cw PL. This results in information
about the energy scheme of the system and provides evi-
dence of interdot coupling and carrier transfer in QD
chains. ‘‘Time-resolved PL measurements and mechanisms
of interdot coupling’’ represents the results of the time-
resolved PL measurements and contains the theoretical
model used for the interpretations of the time-resolved PL
data. Last section contains concluding remarks.
Experiment
The multilayer (In,Ga)As/GaAs dot-chain structures were
prepared in order to study the actual mechanisms of
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123interdot coupling which lead in part to the appearance of
cooperative effects. InxGa1-xAs QDs were grown by
molecular beam epitaxy (MBE) on semi-insulating GaAs
(100) substrates such that dot chains form [18]. Following a
0.3-lm GaAs buffer layer grown at 580C, the growth of
In0.4Ga0.6As QDs capped by 60 MLs of GaAs, both at
540C, was repeated for a 15 layer superlattice. The
In0.4Ga0.6As QD layers were grown by the deposition of
8.5 ML of material. A ﬁnal QD layer was grown and left
uncapped for morphology analysis. The atomic force
microscopy (AFM) image of the ﬁnal, uncapped QD layer,
Fig. 1a, demonstrates that these InGaAs QDs are formed in
chains along the [0-11] direction. Figure 1b shows the
Fourier transformed AFM image of an area with sizes
4 9 4 lm
2. The arrows pointed out the maxima along the
directions of the QD alignment, [0-11] and [011]. Figure 1c
presents a histogram of the QD aspect ratio. It is seen that
the mean aspect ratio is *0.11. Based on these results, the
average spacing between chains is estimated to be 90 nm,
while the separation between QDs in the chains is around
45 nm, close to the lateral size of QDs. As a result, it is
expected that any observed lateral electronic coupling will
be predominantly between the QDs in a single chain and
negligible between interchain QDs. However, analysis of
the PL reveals a much more complicated system of inter-
action and coupling between the dots. Note that in our
multilayer structures the GaAs spacer between adjacent
QD layers was thick enough (approximately 60 MLs thick)
to prevent any vertical QD ordering. In this case, adjacent
QD layers can be considered as independent QD systems
(see e.g. Ref. [11]) and many layers serve predominantly to
enhance the total PL gain.
The PL was performed using the 532-nm line from a
frequency doubled Nd:YAG (neodymium-doped yttrium
aluminum garnet) laser for continuous-wave PL excitation
and the 2-ps pulses at kexc = 750 nm from a mode-locked
Ti:sapphire laser for transient PL measurements. The
optical pulse train at 76 MHz and an excitation density
that was varied between 10
9 and 2 9 10
14 photons/
(pulse 9 cm
2) was used. The steady-state PL signal from
the sample was dispersed by a 0.5-m single-grating
monochromator and detected by a LN-cooled OMA V:
InGaAs photodiode detector array. The PL transients were
detected with a Hamamatsu synchroscan streak camera
C5680 with an infrared enhanced S1 cathode. The overall
time resolution of the system used in the time-resolved PL
measurements was *15 ps.
Temperature cw PL Measurements
In order to get the information about both the energy
scheme of the InGaAs/GaAs dot chain sample and the
channels of the interdot carrier transfer, the temperature-
dependent PL spectra are measured (Fig. 2). The low
temperature (T = 10 K) and low excitation intensity
(Iexc = 0.4 W/cm
2) cw PL measurements reveal a single
peak for the ground state exciton emission with a maximum
at Emax = 1.247 eV and full width at half maximum
(FWHM) of C * 48 meV (Fig. 2). Increasing the tem-
perature from 10 K up to 300 K shifts the PL band to the red
by *67 meV and broadens almost twice, up to *87 meV.
At the temperatures as high as 150 K, the PL is found to
broaden asymmetrically, favoring the higher energy. The
results of ﬁt with two Gaussians, E1
max ¼ 1:202eV,
C1 = 49 meV and E2
max ¼ 1:238eV; C2 = 60 meV, are
Fig. 1 a AFM image of the uncapped (In,Ga)As/GaAs QD structure.
b Fourier-transformed AFM image of an area with sizes 4 9 4 lm
2.
The arrows pointed out the maxima along the directions of the QD
alignment, [0-11] and [011]; c Histogram of QD distribution by the
aspect ratio
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123shown in the PL spectrum measured for T = 150 K by
dashed lines (Fig. 2). Therefore, the high temperature
asymmetry is partly a result of thermal population of the
higher energy conﬁned states in the dots. More precise
behavior of the PL peak maximum and the FWHM versus
temperature is shown in Fig. 3. The temperature depen-
dence of the FWHM (Fig. 3a) demonstrates a non-mono-
tonic behavior. It reaches a minimum at *80 K and then
grows signiﬁcantly with increasing temperature. The PL
redshift (*32 meV, see Fig. 3b) is greater than the redshift
of InAs (*13 meV, curve 3 in Fig. 3b) or GaAs
(*17 meV, not shown here) upon increasing the tempera-
ture from 10 K to 100 K.
The initial PL spectrum narrowing in the temperature
range between 10 and 80 K is ascribed to thermally
induced carrier transfer between the QDs within each
chain. According to a simple thermionic model [19, 20], at
low T, carriers are ‘‘frozen’’ randomly into the QD states
(after initial partial redistribution) due to the tunneling
between QDs within each chain. With increasing T, carriers
are expected to be thermally activated outside the dots into
the 2D InGaAs wetting layer (WL) or GaAs barrier and/or
hopping between dots will favor a drift of carriers toward
the dots having lower ground state energies. This results in
a narrowing of the PL spectrum and a redshift for the PL
peak that is larger than expected from the thermal shrink-
age of the InAs band gap under elevating T. In order to
describe such a process, one can use either the rate equa-
tion model [19] or a simpliﬁed quasi-thermodynamic
model [20] that introduces a temperature dependent func-
tion b(T) allowing to parameterize the degree of thermal-
ization of carriers. This function continuously interpolates
between the well-deﬁned low and high-temperature limits
of the carrier distribution function and describes the
observed peculiarities in the PL spectra with just two ﬁtting
parameters. In fact, such a description is equivalent to the
assumption that partially thermalized carriers are still
described by equilibrium statistics, but with a higher
effective temperature Tth. Following to Ref. [20], the QD
PL spectra (I(E)) can be treated using a relation like
IE ; T ðÞ ¼ I0ðTÞ
  exp
 
 
1
o2 ðA=ðE   EgÞÞ
2  ð A=ðE0   EgÞÞ
2
hi
þbðTÞE=kBT
 
ð1Þ
with I0(T) being the temperature-dependent scale factor
[21] and Eg representing the temperature-dependent energy
gap for InAs described, say, by the Varshni formula [22].
Parameter A enters the relationship between the transition
energies and the dot sizes [23] and is taken to be equal
A = 2.37 eV nm
1/2 for our QDs. The QD ensemble is
characterized by a Gaussian size distribution with a
variance o
2/2 and mean basal length a0 corresponding to
the ground state transition energy E0. The thermalization
function b(T) reﬂects all the carrier dynamics through the
multiple pathways and can be approximated by expression
[20]
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Fig. 2 Normalized PL spectra for the multilayer In0.4Ga0.6As/GaAs
QD chain sample measured at different temperatures. For clarity, the
spectra are vertically shifted with respect to each other. Two
Gaussians best ﬁtting the PL spectrum measured at T = 150 K are
shown by dashed lines
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Fig. 3 Temperature dependences of a FWHM (curve 1), and b PL
band maximum Emax (curve 1) measured in the QD sample. The
results of ﬁt with the set of parameters D = 15 K and Tth = 60 K to
Eqs. (1) and (2) are shown by curve 2 in Fig. 3a, b. Temperature
dependence of InAs energy gap followed the Varshni law [22]i s
given by curve 3 in Fig. 3b
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with Tth and D being the only two ﬁt parameters of the
model. Tth is the temperature when b = 0.5 and D corre-
sponds to the temperature interval over which the transition
from a ‘‘glassy’’ to a quasi-equilibrium state occurs.
Using Eqs (1) and (2) with the set of parameters
E0 = 1.247 eV and D = 48 meV taken at the lowest
temperature (T = 10 K) for a Gaussian describing the low
temperature PL spectrum (Fig. 2), we ﬁnd the best ﬁt of the
FWHM (T) (Fig. 3a) and Emax(T) (Fig. 3b) dependences
with the parameters D = 15 K and Tth = 60 K in the
temperature range from 10 to 125 K. While the theoretical
analysis carried out earlier is applied only for the ground
state QD transitions our ﬁt is valuable in the temperature
range, where the contribution of the excited states is neg-
ligible. It follows from Fig. 2 that this range spreads from
*10 K up to *150 K. It is important to note that the
narrowing of PL the band width with an increase in tem-
perature from *10 to 100 K (see Fig. 3a) is not intuitive.
One might expect the contrary, i.e., the FWHM increasing
due to thermal broadening. Therefore, a good ﬁt of the
FWHM (T) dependence in this temperature range supports
well the description of data in terms of the quasi-thermo-
dynamic model presented earlier. In turn, the description of
the Emax(T) dependence (see Fig. 3b) in the low-tempera-
ture range requires more elaborate analysis of the physical
processes that determine the band-gap behavior in the QD
system with increased temperature, e.g., electron–phonon
coupling. The absence of such analysis can be in part an
origin for the absence of a perfect ﬁt for the Emax(T) data
shown in Fig. 3b performed using the Varshni formula [22]
for the temperature dependence of the energy gap in InAs
QDs. For higher temperatures, the contribution of the
excited states in the FWHM formation becomes signiﬁcant
leading to a signiﬁcant deviation of calculated dependences
from measured dependences observed in Fig. 3 in the
temperature range above 150 K. Signiﬁcantly small Tth
value in comparison with that Tth = 127 K found earlier
for the InAs/GaAs QDs [19, 20] gives evidence of the
existence of non-thermal relaxation mechanism favoring
the thermalization of the QD system even at the lowest
temperatures. Such a mechanism is the interdot tunneling
caused by the electronic coupling between the dots of the
same chain. In this case, carriers escape from the smaller
QDs with higher ground state energy to the larger QDs
with lower ground state energy. Such escape results in the
higher population of the lower energy QD states in com-
parison with the population of the energy states of smaller
QDs under the steady-state PL excitation and equal rate of
the carrier trap on the small and large QDs. As a result, the
PL band of the QD ensemble, which possesses a symmetric
QD size distribution described by a Gaussian, has to be
asymmetric with a more abrupt high-energy side. Intro-
ducing the asymmetry measure as the difference dI ¼
IE max   d jj ðÞ   IE max þ d ðÞ ; d = E - Emax, one can
expect the positive asymmetry in case of low temperatures.
Such determined asymmetry of the PL band is shown in
Fig. 4. It occurs positive at the T = 10 K evidencing the
non-thermal carrier distribution in the QD ensemble at low
temperatures. Further temperature increase leads to the
subsequent temperature population of the higher energy
levels of smaller QDs thus decreasing the PL band asym-
metry and ﬁnally switches the sign of asymmetry to the
negative one. Such a behavior of the PL band asymmetry
under the temperature increasing is demonstrated in Fig. 4.
As one can see from Fig. 4, the well-pronounced PL band
develops at the high-energy side of the dominant PL band.
This band in the difference spectrum is shifted by *38
meV from the PL peak position toward higher energy that
quite well correlates with the energy difference E2
max  
E1
max ¼ 38meV found from the PL line shape analysis
carried out in Fig. 2 for T = 150 K. Our calculations of the
QD energy spectrum show that in the In0.4Ga0.6As/GaAs
QD with the aspect ratio *0.1only one level e1is generated
in the conduction band and at least two levels of heavy hole
states (hh1 and hh2) arise in the valence band. Thus, we
ascribethemainPLpeaktothee1 ? hh1intradottransition,
whereas complementary high-energy peak arising at high
temperatures is assigned to the e1 ? hh2 transition devel-
opingduetothethermalpopulationofthehh2holestate.This
additional transition signiﬁcantly modiﬁes the PL line shape
at higher temperatures (Fig. 2) and introduces additional PL
band broadening resulting in a signiﬁcant deviation of the
calculated temperature dependences from measured tem-
perature dependences of FWHM and PL Emax within the
temperature range 150–300 K (Fig. 3a, b). It is clear that
the asymmetry of the PL band, measured directly (Fig. 4),
gives information about both the intra- and interdot-chain
carrier relaxation. Thus, it provides more information than
one can obtain, say, from a Gaussian ﬁt of the PL spectra
(Fig. 2).
Analysis of the temperature dependence of the inte-
grated PL for the multilayer In0.4Ga0.6As/GaAs QD chain
sample gives further veriﬁcation of the contribution from
the e1 ? hh2 QD transition. Figure 5 shows this depen-
dence. At least three Arrhenius-type activation energies can
be extracted from the plot in Fig. 5: Ea
2D ¼ 221meV,
Ea
1D ¼ 144meV, and Ea
h ¼ 42meV: Ea
h ¼ 42meV quite
satisfactorily agrees with the energy 38 meV extracted
from the high temperature difference PL spectra (Fig. 4)
for the e1 ? hh2 transition. The energy Ea
2D ¼ 221 meV
we ascribe to the transition from the QD electron ground
state (e1) to the 2D conduction band (eWL
1 ) of WL,
e1 ! eWL
1 . Indeed this predicts the 2D WL in our system to
be *1.468 eV which is very close to the energy 1.445 eV
Nanoscale Res Lett (2010) 5:991–1001 995
123that has been observed for the 2D In0.36Ga0.64As WL in
similar QD samples under high optical pumping [24]. We
were not able to saturate the QD states to see the WL in our
samples due to the large density of dots. The energy Ea
1D ¼
144meV we ascribe to the transition from the QD ground
states to a 1D WL. Its energy is of about 1.391 eV. The
existence of such WL is speciﬁc for the dot chain sample
and has been proved recently by means of scanning elec-
tron, transmission electron, and atomic force microscopies
[25] as well as by optical spectroscopy [26]. It has been
shown that in addition to the conventional 2D WL involved
in the Stranski–Krastanov growth a 1D-postwetting layer
along the [01 - 1] direction arises that connects the QDs
in each chain. Whereas the 2D WL exists before the QD
chains form, the 1D-postwetting layer develops during the
GaAs capping of already existing dot chains. It arises due
to anisotropic surface diffusion of In atoms that accom-
panies the change in strain proﬁle during capping and
therefore produces the steady-state material distribution
that includes a 1D-postwetting layer as a result.
Thus, the existence of various discrete and continuous
states in the multilayer In0.4Ga0.6As/GaAs QD chain sam-
ple substantially complicates the real picture of relaxation
and coupling of the QDs. Based on the temperature
dependence of the PL spectra, we can distinguish the low
temperature effects caused by the in-chain interdot cou-
pling and high temperature effects related to the QD cou-
pling through the WL and GaAs barrier states. To go
further, we focus on the low-temperature interdot coupling.
We have demonstrated the cooperative effects caused by
in-chain, interdot electronic coupling that becomes trans-
formed into a change of the low temperature PL band and
its line-shape. The features related to the interdot-chain,
long-range radiative coupling are explored by means of
time-resolved PL spectroscopy.
Time-Resolved PL Measurements and Mechanisms
of Interdot Coupling
The low temperature PL transients for the multilayer
In0.4Ga0.6As/GaAs(001) QD chain sample are shown in
Fig. 6. The excitation density is chosen to be compara-
tively low in order to provide the mono-exponential PL
decay following the law IPLðtÞ¼IPLðt0Þexpf t=sdg under
excitation with different wavelengths. Here, the time t0
corresponds to the beginning of declining part of the IPL(t)
dependence and is set to be 0 in further analysis. The rate
of decay is characterized with time sd. The characteristic
rise time for all PL transients is found to not exceed
*20 ps indicating that the carriers are trapped quickly by
all QDs. Figure 6a shows the transients measured with the
excitation wavelength kexc = 750 nm and the detection
wavelengths kdet = 930 nm, 950 nm, 995 nm, and
1030 nm covering the region of the QD ground state
emission. For comparison the laser pulse is also shown
indicating that the observed PL decay is related to the QD
system response only. Figure 6b shows the transients
measured at the peak of the ground state emission,
kdet = 995 nm, with pulsed laser excitation varied between
kexc = 720 nm (above the GaAs bandgap) and kexc =
870 nm (below the GaAs bandgap and the InGaAs WL as
shown in ‘‘Temperature cw PL measurements’’). The
observed exponential PL decay is well characterized by a
single sd value depending nevertheless both on the kexc and
kdet. Figure 7 summarizes the sd(Edet) data measured for
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123various excitation energies Eexc. The sd ~ Edet
  
dependences
are plotted versus the difference~ Edet ¼ Eexc   Edet. Quali-
tative analysis of all sd ~ Edet
  
dependences allows four
items to be explained: i) rapid increasing of sd ~ Edet
  
with
decreasing Edet throughout the QD PL spectrum; ii)
reaching the maximal sd ~ Edet
  
when Edet reaches the PL
maximum; iii) decreasing the maximal sd ~ Edet
  
values with
decreasing the excitation energy Eexc; and iv) appearance
of the dip on the sd ~ Edet
  
dependences for the detection
energies lower than E0. In order to address these four points
we involve two different mechanisms of interdot coupling
and the mechanisms of QD coupling with the host material
and inherent defects ﬁnally affecting the sd value.
Electronic Wave Function Interdot Coupling
Figure 8 shows sd(Edet) dependences measured at Eexc =
1.722 eV and Eexc = 1.477 eV together with the normal-
ized low temperature PL spectrum. We ﬁnd these
dependences resembling the typical sd(Edet) dependences
observed earlier in dense QD arrays [27, 28], which were
described using lateral interdot transfer. Taking into
account our ﬁnding of ‘‘Temperature cw PL measure-
ments’’ concerning the in-chain interdot coupling, we ﬁrst
apply this description to our dot chain sample. The carrier
dynamics in the QD system under excitation with a weak
electromagnetic ﬁeld can be treated with a system of rate
equations. The lateral coupling is introduced through tun-
neling along the (In,Ga)As/GaAs QD chains as has been
revealed recently [29]. In this case, the change of the
population, n = n(E), of the QD ground state E for QD
ensemble excited by the Eexc photon is given by the
equation [10]
dnðE; tÞ
dt
¼ 
nðE;tÞ
sopðE;EexcÞ
  R1ðE;tÞþR2ðE;Eexc;tÞ: ð3Þ
Here, 1/sop(E, Eexc) represents the rate of the radiative
recombination, R1(E, t) represents the rate at which the QD
population decreases through tunneling processes, and
R2(E, Eexc, t) represents the QD capture rate from the
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123reservoir of photo-excited electrons. Taking into account
that the PL intensity IPL(t)  n(t), one can introduce the PL
decay time like a formula
sdðEÞ¼
d
dt
ln
nð0Þ
nðE;tÞ
       1
ð4Þ
The explicit form of the relaxation terms introducing the
tunneling time sT for the lateral carrier transfer is given by
R1ðE;tÞ¼nðE;tÞ
ZE
0
dE0DðE0Þ½NðE0Þ nðE0;tÞ =sTðE;E0Þ;
ð5Þ
R2 E;Eexc;t ðÞ ¼ NðEÞ nðE;tÞ ½ 
Z 1
E
dE0nðE0;tÞ=sTðE0;EÞ
þ GðE;EexcÞ NðEÞ nðE;tÞ ½  ; ð6Þ
NðEÞ nðE;tÞ 0: ð7Þ
Here, N(E) is the number of QDs with the ground state
emission energy E; D(E) is the density of states function;
sT(E, E0) is the tunneling time from the state E to the state
E0, and G(E, Eexc) is the carrier generation rate in the state
E by light with energy Eexc. For the QD ensemble, the
D(E) is taken as a Gaussian, DðEÞ¼ Ar 1ðp=2Þ
 1=2
  
exp  2ðE   E0Þ
2=r2
hi
(see ‘‘Temperature cw PL mea-
surements’’). In fact Eq. (3) with the relaxation terms (5)
and (6) describes carrier dynamics with a cascade-like
carrier transfer from upper states to the lower QD states
deﬁned by the tunneling rate s 1
T ðE;E0Þ: This equation
allows for consideration of non-linear effects as well
because the inequality (7) must hold strictly.
For the sake of simplicity, we deﬁne a single tunneling
time for all QDs, sT(E, E0) = sT, and independent of E and
Eexc set the optical recombination time as sop(E,
Eexc) = sop = 1 ns. Then, considering the case of a weak
electromagnetic ﬁeld and comparatively slow interdot
transfer, sT = 1.4 ns [10, 27, 28], we also assume that
N(E)[[n(E, t). This allows us to linearize Eqs. (3), (5),
and (6) and solve them numerically. The result of such
simulation is shown in Fig. 8 by solid line. This demon-
strates that the mechanism of interdot carrier tunneling
allows us to qualitatively reproduce the observed rise of
sd(Edet) with decreasing Edet through the range of the QD
PL spectrum. The difference between experimental and
calculated dependences can be reduced signiﬁcantly if the
saturation of the QD ground states is taken into account.
This would allow us to shift the energies at which the
calculated sd(kdet) function saturates closer to the PL
maximum as it is observed for the measured sd(kdet)
dependence. Thus, this mechanism of in-chain interdot
tunneling is consistent with two items mentioned earlier:
rapid increasing the sd(Edet) value within the QD PL
spectrum and reaching the maximal sd(Edet) values at the
energy corresponding to the energy of PL maximum.
However, this simpliﬁed model cannot reproduce in prin-
ciple two experimental facts: decreasing the maximal
sd(Edet) values with decreasing the excitation energy Eexc
and appearance of the dip on the sd(Edet) dependences for
the detection energies lower than E0. These two features
are formed by complementary mechanisms: interdot cou-
pling through radiation ﬁeld and QD coupling with the host
materials and inherent defects.
Radiation Field Interdot Coupling
In analyzing the sd(Edet) dependence in terms of Eqs. (3),
(5) and (6), we assumed that sop(E, Eexc) = sop = const.
However, it has been shown [30–32] that sop depends on E
in QD systems and can be written as
s 1
op / Ece   ^ P
       v
   2
ð8Þ
with Ebeingtheemittedphotonenergyand ce  ^ P
       v
  
being
the optical matrix element for the conduction-valence
band transition. According to Eq. (8), the sop value
inversely depends on the emission energy (sop(E)  1/E).
This monotonic behavior of sop can explain neither the
dependence of sd on the Eexc nor the saturation of sd function
observed experimentally. Because the strongest change of sd
takes place near the QD PL maximum, which is related to the
emission of the most numerous QDs, we might attribute the
changetoacooperativeeffect.Thecooperativeemissionfrom
opticallycoupledoscillators[12]hasbeenrevealedrecentlyin
a single layer of self-assembled CdSe/ZnSe QDs [17]a n di n
the(In,Ga)As/GaAs dot-chain superlattices[33]. With optical
collectiveinteraction,theconventionalradiationofNidentical
oscillators transforms into two different radiant modes: a
superradiant mode with a shorter lifetime sspr & sop/N and a
subradiant mode with lifetime ssbr   sop. Thus, the effective
radiation rate is given by
s 1
eff ¼ s 1
op þ s 1
spr þ s 1
sbr ﬃ s 1
op þ s 1
spr: ð9Þ
Since ssbr   sop[sspr, only the superradiant modes
contribute signiﬁcantly along with the radiative
recombination time to the effective decay time. In our
case, this description has to be extended to the cooperative
emission of a certain number, DN(E), of optical modes
corresponding to QDs emitting light with the same
frequency. Then, the optical decay time will be given by
seffðEÞ¼sopðEÞ= DNðEÞþ1 ½  : ð10Þ
In a simpliﬁed description of continuous distribution of
optical modes by energy, their density can be considered as
998 Nanoscale Res Lett (2010) 5:991–1001
123a Lorenzian. Thus, the number of modes within a range DE
will be
DNðEÞ¼2nTDE
1
p
 
Cop
ðE   E0Þ
2 þ C2
op
; ð11Þ
where 2 stands for the double degeneracy of each QD
ground state, and nT is the total number of dots. The
dispersion width of optical modes, Cop, can be calculated
by considering a total number of the excited optical modes,
NT, that depends on the excitation energy, Eexc, through
NT
nT
¼
2
p
Z 1
 1
dE
Cop
ðE   E0Þ
2 þ C2
op
ð12Þ
This yield
Cop ¼ DE0
w tan
p
2
NT
nT
  1
     
; ð13Þ
where DE0
w ¼ Eexc   E0:
The important parameter characterizing the collective
emission is the decay time at the PL maximum energy,
seff(E0). According to Eqs. (10, 11), this parameter is
reduced to
seffðE0Þ¼sopðE0Þða=Cop þ 1Þ
 1 ð14Þ
It can be immediately compared with the measured data.
Taking sop(E) in the form sop(E) = C1/E as in Eq. (8), we
ﬁt Eq. (14) to the measured sd(E0) with the set of param-
eters: C1 = 1.3 ns 9 eV, a = 0.025 eV, and NT/nT =
1.113. The result of best ﬁt is shown in Fig. 9 by solid line
together with measured sd(E0) (open circles). The quanti-
tative agreement of the sdð~ E0Þ growth with the difference
~ E0 ¼ Eexc   E0 increasing between the theory and experi-
ment gives strong support of the cooperative nature of the
QD emission near the PL maximum.
Further evidence of the superradiance effect in our QD
system arises from comparison of the sd(kdet) dependence
under excitation both with k close to the PL maximum
(quasi-resonant case) and far from the PL maximum (non-
resonant case). It has been shown [17] that for the non-
resonant condition sd(kdet) is mainly a result of the optical
emission lifetime sop, whereas for the quasi-resonant con-
dition it equals seff. From Fig. 7, the sd(kdet) dependences
can be seen to be different under non-resonant (nr) exci-
tation condition and quasi-resonant (qr) conditions.
Figure 10a displays the relative change in decay rate
given by taking the ratio of the PL decay times under quasi-
resonant excitation (kexc = 870 nm) and non-resonant
(kexc = 720 nm) excitation. The ratio s870/s720 reveals the
strongest change just in the vicinity of the maximum of the
PL spectrum. Such a behavior of the s870/s720 ratio [33]
serves as a ﬁngerprint of the cooperative QD emission.
Indeed, the continuous wave PL spectrum represents the
distribution of the ground-state energies of excitons in the
QD ensemble which is in turn due to the QD size distri-
bution. While the QD density is the highest in the center of
the QD size distribution, the radiation ﬁeld of the QDs is
the strongest at a speciﬁc exciton ground-state energy
corresponding to the maximum of the PL signal. Conse-
quently, a radiative interaction has to be strongest between
the QDs belonging to the central part of the QD size dis-
tribution, thus the change in radiation rate has to be
strongest in the PL spectral maximum. This is what is
observed experimentally in our QD sample. It is also
shown in Ref. [10] that the change of the radiation rate
(D ¼ s 1
d;coupl   s 1
d;uncoupl) caused by a radiative coupling
between QDs has to be properly scaled because it depends
linearly on the number of QDs, N(k), emitting with the
wavelength k, and decreases inversely with the distance
between QDs, R(k). This leads to the change in the radia-
tion rate as D(N(k), R(k)) I
3/2(k). We compared this
dependence with the measured change in the PL decay time
(Fig. 10b) presented in the form D s 1
qr ðkÞ;s 1
nr ðkÞ
  
¼
snrðkÞs 1
qr ðkÞ 1 and found a good correlation, which
indicates radiative coupling between QDs. We assume that
this radiative coupling is dominant for the QDs belonging
to different chains, whereas immediate electronic coupling
dominates between the in-chain dots.
Independently, the superradiance contribution to the
radiation rate in our system is revealed from the analysis of
the sd(kdet) dependence measured at the PL band maximum
for various excitation intensities. It is expected [33] that the
sd(kdet) value must depend non-monotonicly on Iexc.
Indeed, for the case of extremely low excitation intensity
only a very small number of QDs are optically excited, and
therefore the radiative cooperative effects should be neg-
ligible. Under increased excitation density, the superradi-
ance mode becomes more signiﬁcant, coupling the QDs of
the ensemble and leading to a decrease of the sd(kdet) value.
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123Such a result is shown in Fig. 11 for the In0.4Ga0.6As/GaAs
QD chain sample. Here, the dependence of sd measured at
the QD PL maximum on the excitation density is clearly
demonstrated for various excitation wavelengths. One can
see that at the lowest excitation densities (*10
10 photons/
(pulse 9 cm
2)) the sd value is practically invariable due to
the absence of interdot radiative coupling. However, let us
note that the experimental accuracy of the sd determination
is rather low due to the noisy PL signal in case of lowest
excitation densities. As a result, for kexc = 870 nm and
kexc = 900 nm (see Fig. 11), we cannot reliably investi-
gate the region of the lowest excitation densities. If the
excitation intensity is raised the superradiance mode turns
on strongly, coupling the QDs within the ensemble. Such a
coupling tends to reduce the sd value, which is seen in
Fig. 11 for the excitation wavelengths kexc = 720 nm and
kexc = 810 nm. Further increase in the excitation density
leads to a saturation of the QD ground states resulting in a
progressive increase in the sd value. The appearance of a
dip in the sd dependence on the excitation density in the
range of very low excitation densities serves as a speciﬁc
ﬁngerprint of superradiance in our QD samples.
The appearance of the dip on the sdð~ EdetÞ dependences
for the detection energies lower than E0 (see Fig. 7) can be
attributed to the coupling of longitudinal optical phonons
with conﬁned electrons and holes in QDs and to the pres-
ence of deep levels allowing the holes tunnel to these states
even at low temperatures [34]. The states of deep levels are
closer to the states of larger QDs. Therefore, the hole
tunneling is more effective for larger QDs that form the
low energy side of the PL spectrum thus reducing the
sdð~ EdetÞ value observed experimentally in the spectral
range below the QD PL maximum.
Conclusions
Finally, peculiar dependences of the PL decay time on the
excitation and detection energies are revealed in the mul-
tilayer In0.4Ga0.6As/GaAs QD chain sample and ascribed to
the peculiarities of the carrier and energy relaxation caused
by both immediate electronic interdot coupling and long-
range coupling through the radiation ﬁeld. Summarizing,
we have established: i) appearance of low temperature
asymmetry of the PL band caused by the non-thermal
carrier distribution through in-chain interdot wave function
coupling. The energy scheme of the In0.4Ga0.6As/GaAs QD
chain sample is speciﬁed and 1D WL, 2D InGaAs WL, and
the heavy hole excited states are identiﬁed from the tem-
perature cw PL measurements: ii) the in-chain interdot
carrier transfer forms the swing of the decay time sd versus
detection energy dependence and can lead to the state
saturation effect shifting the maximal sd value close to QD
PL maximum; iii) superradiant mode of the emission ﬁeld
couples the QDs of different dot chains and leads to a
signiﬁcant change of the decay time value just in the
vicinity of the QD PL maximum. This radiant interdot
coupling deﬁnes the dependence of the sd value on the
excitation wavelength. Coexistence of various mechanisms
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Fig. 10 a The ratio s870/s720 (symbols) of the sd(kdet) measured under
quasi-resonant (kexc = 870 nm) and non-resonant (kexc = 720 nm)
excitations. The strongest change is seen just in the vicinity of the
maximum of the normalized PL spectrum (solid line). b Normalized
D s 1
qr k ðÞ ;s 1
nr k ðÞ
  
¼ snr k ðÞ s 1
qr k ðÞ   1 dependence (symbols) and
normalized I
3/2(k) spectrum (solid line). Such a behavior of the
measured sd(kdet) under non-resonant and quasi-resonant conditions
evidences the cooperative radiative QD coupling
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Fig. 11 The sd dependence measured at the QD PL maximum in
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1000 Nanoscale Res Lett (2010) 5:991–1001
123of interdot coupling is determined here by special design of
the QD samples providing effective interdot in-chain
electronic coupling and effective radiative interchain cou-
pling due to superradiance. This latter type of coupling
could play a signiﬁcant role in ultrafast applications.
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